The entry and dissemination of viruses in several families can be mediated by C-type lectins such as DC-SIGN. We showed that entry of the serotype II feline coronavirus strains feline infectious peritonitis virus (FIPV) WSU 79-1146 and DF2 into nonpermissive mouse 3T3 cells can be rescued by the expression of human
The entry of coronaviruses (CoVs) is mediated by a primary receptor, which in many cases has been well characterized (29) . Aminopeptidase N (APN, or CD13) acts as a primary receptor for the entry of serotype II feline coronaviruses (FCoVs) in both feline infectious peritonitis virus (FIPV) and feline enteric coronavirus (FECV) biotypes (10, 29) , as well as in transmissible gastroenteritis virus and human CoV strain 229E (HCoV-229E) (27) . In addition to having a primary receptor, it is becoming increasingly clear that coronaviruses also make use of a variety of nonspecific receptors during entry, including sialic acid and C-type lectins (29) . Notably, severe acute respiratory syndrome CoV was shown to utilize liver/lymph nodespecific ICAM-3-grabbing nonintegrin (L-SIGN/CD209L) as a receptor in cis (11, 17) , possibly in combination with a specific receptor, ACE2. Severe acute respiratory syndrome CoV also interacts with dendritic cell (DC)-specific ICAM-3grabbing nonintegrin (DC-SIGN/CD209) in cis (11) , as well as with DC-SIGN and/or L-SIGN in trans (19, 30) . L-SIGN and DC-SIGN have also been shown to promote the entry of HCoV-229E and HCoV-NL63, respectively (12, 16) .
The utilization of C-type lectins as entry factors was first demonstrated for human immunodeficiency virus type 1 (1, 9) , and it is now known that viruses in various families use DC-SIGN and/or L-SIGN for entry and dissemination, acting either in cis or in trans (3, 18) . C-type lectins act as entry factors by preferentially recognizing viral glycoproteins containing high-mannose carbohydrate residues (3, 7) . Compared to that in the human system, the use of C-type lectins as entry factors in nonhuman animal viruses has received little attention. A notable exception is the demonstration that feline immunodeficiency virus can specifically interact with human DC-SIGN and allow virus transmission to target cells in cis and in trans (6) . Based on this finding and the established role of L-SIGN/ DC-SIGN for certain coronaviruses, we reasoned that FCoVs might be able to utilize C-type lectins as entry cofactors, with human DC-SIGN (hDC-SIGN) able to serve in this role.
To examine the possible role of hDC-SIGN in FIPV infec-tion, we first analyzed the infection of mouse 3T3 cell lines stably expressing hDC-SIGN (NIAID AIDS Research and Reference Reagent Program) and compared it to that of nonpermissive wild-type 3T3 cells and permissive Crandall-Reese feline kidney (CRFK) cells (ATCC). Cells were infected with either serotype II FIPV strain WSU 79-1146 (FIPV-1146) or FIPV-DF2 at a final concentration of 1 ϫ 10 6 PFU/ml (multiplicity of infection [MOI] ϭ 10 infectious units/cell), as determined by standard plaque assay of CRFK cells. The supernatants were collected, and the production of virus was determined at 24 h postinfection by 50% tissue culture infective dose assay of CRFK cells ( Fig. 1A ). As expected, 3T3 cells were not able to support FIPV infection; however, 3T3-hDC-SIGN cells propagated the virus to a relatively high titer. The production of virus was approximately 2 log units lower than in permissive CRFK cells. To confirm that productive infection was mediated specifically by the expression of hDC-SIGN, we transfected wild-type 3T3 cells with plasmid pcDNA3-DC-SIGN (NIAID AIDS Research and Reference Reagent Program) to transiently express hDC-SIGN. At twenty-four hours posttransfection, cells were infected with FIPV-1146 or FIPV-DF2 at a final concentration of 1 ϫ 10 6 PFU/ml, and at 9 h postinfection, the cells were fixed. Cells were analyzed by immunofluorescence microscopy, using the anti-DC-SIGN monoclonal antibody (MAb) 120526 (an immunoglobulin G2a [IgG2a] isotype; NIAID AIDS Research and Reference Reagent Program) and the anti-FCoV nucleocapsid MAb 17B7.1 (an IgG2b isotype) (21) followed by isotype-specific secondary antibodies conjugated to Alexa Fluor 488 or Alexa Fluor 569 (Invitrogen). Infection of 3T3 cells by either FIPV-1146 or FIPV-DF2 strictly correlated with hDC-SIGN expression ( Fig. 1B) .
To examine how DC-SIGN might function in the context of FIPV infection of permissive cells, we created CRFK cells lines stably expressing hDC-SIGN. CRFK or CRFK-hDCSIGN cells were infected with FIPV-1146 and FIPV-DF2 at a low MOI of 0.01 infectious units/cell (1 ϫ 10 3 PFU/ml). Cells were fixed at 6 h postinfection and analyzed by immunofluorescence microscopy after being stained with the IgG2a anti-hDC-SIGN MAb 120526 and the IgG2b anti-FCoV nucleocapsid MAb 17B7.1. Infection of CRFK cells was markedly increased in CRFK-hDCSIGN cells ( Fig. 2A) . To quantify the increase in infection following hDC-SIGN expression, the experiments were repeated with inocula of various amounts of FIPV (0.0005 to 1.0 infectious units/cell), and images from at least three independent experiments (Ͼ1,000 cells) were scored for infection. As shown in Fig. 2B , the expression of hDC-SIGN significantly enhanced infection of FIPV over a range of MOI values but with more-limited effects at the lowest and highest infectious doses.
To confirm that the enhancement of FIPV infection following DC-SIGN expression was specific, we infected CRFK or CRFK-DCSIGN cells with FIPV-1146 and FIPV-DF2 at an MOI of 0.01 infectious unit/cell (1 ϫ 10 3 PFU/ml) in the presence of mannan (50 mg/ml) as a competitor of DC-SIGN binding or in the presence of the anti-DC-SIGN MAbs 9E9A8 and 120526 (20 mg/ml; NIAID AIDS Research and Reference Reagent Program) ( Fig. 3 ). Both mannan and the two MAbs tested reduced FIPV infection to the control levels found in the absence of hDC-SIGN expression.
Dissemination of FIPV in the cat relies on the ability of the virus to infect monocytes and macrophages (10) . To examine the role of DC-SIGN in such in vivo situations, we isolated primary feline monocytes (23) and cultured them for 4 days in the presence of 20% fetal bovine serum. These cells were specifically recognized by the hDC-SIGN MAb DC6 (NIAID AIDS Research and Reference Reagent Program) (data not shown), indicating that they had undergone differentiation and were expressing DC-SIGN. We then treated these cells with either the MAb R-G-4 (200 mg/ml) to inhibit infection via the feline aminopeptidase N (fAPN) receptor (14) or with mannan (50 mg/ml). Monocytes were then infected with FIPV strains 1146 and DF2 at 1 ϫ 10 6 PFU/ml (MOI ϭ 10 infectious units/cell). Cells were fixed at 6 h postinfection and analyzed by immunofluorescence microscopy as described above. Compared to the untreated controls, both cells treated with R-G-4 and those treated with mannan showed a significant inhibition of FIPV infection, in both cases to around 15% of the level for the untreated cells (Fig. 4 ). The addition of R-G-4 and mannan combined resulted in an almost complete blockage of FIPV infection (Fig. 4) . These data confirm previous reports that the blockage of fAPN with R-G-4 alone could not completely inhibit the infection of feline macrophages with serotype II FIPV (24) and suggest that both APN and DC-SIGN are important for infection in vivo.
Our studies show that the C-type lectin hDC-SIGN can rescue FIPV infection of nonpermissive cells and enhance infection of permissive cells, acting in cis. To date, we have not examined the use of hDC-SIGN in trans for FIPV infection in vivo. As the feline homolog of hDC-SIGN has not yet been cloned (6) , the role of FCoV-DC-SIGN interactions in cats remains to be demonstrated, and we have not examined serotype I FCoVs due to the difficulty in propagating these viruses in the laboratory. In our studies, we also examined human L-SIGN, which was able to rescue infection with FIPV-1146 (data not shown). However, as L-SIGN is as yet unreported except in humans, this was not examined further.
It is interesting to note that both APN and DC-SIGN are localized to cell surface microdomains, or lipid rafts (2, 20) , and that this localization is important for the function of DC-SIGN during virus entry (2) . This suggests that the colocalization of the two cell surface molecules may be a factor in successful FCoV entry into host cells. At present, however, little is known regarding the internalization pathway of FCoVs, although HCoV-299E (which uses a combination of APN and L-SIGN for entry) is believed to enter cells via cell surface microdomains that contain caveolin (20) . Other likely factors in the successful use of DC-SIGN as an entry factor for coronaviruses are that viral spike proteins are heavily glycosylated and that the virus buds from the endoplasmic reticulum-Golgi (13) ; the coronavirus spike protein is therefore likely to contain high-mannose sugars that would be a recognition site for C-type lectins (3, 4, 7) . The majority of natural infections with FCoVs are classified as being in the FECV biotype and cause, at most, mild enteritis in the intestinal epithelial tract. It is believed that mutations within FECV viruses allow the dissemination and systemic spread of the newly generated FIPV biotype viruses, and monocytes and macrophages are well established as cell types that act as a conduit for such systemic spread (10) . DC-SIGN is considered to be widely expressed in monocyte-derived macrophages which are thought to be the targets of FIPV infection in vivo (10) , so in the course of our studies, we examined whether there were any differences in the utilization of DC-SIGN by FIPV-1146 and the FECV biotype WSU 79-1638. However, we found no significant difference in the effects of hDC-SIGN expression between these two viruses (data not shown), which suggests that any change in cell tropism between these viruses appears to occur at a postreceptor step of infection. At present, there is only limited information on the possible role of DCs in the dissemination of FIPV. With increased characterization of feline DCs (8, 25) , it will be very interesting to explore these cells in the context of FIPV infection in cats.
Although murine APN is not considered to support FIPV infection by itself (28) , it remains possible that the entry of serotype II FCoV is mediated through a combination of DC-SIGN and mouse APN. In this scenario, DC-SIGN would act as an entry cofactor, allowing for the use of mouse APN as a viral receptor. Alternatively, DC-SIGN may act an alternate receptor for FCoV rather than acting as an accessory factor. Such APN-independent entry of FIPV has been known for some time, based on Fc-mediated uptake of the virus into mouse macrophages in the presence of anti-S antibodies (5, 15, 22, 26) . To address these possible models, hDC-SIGN was overexpressed in primary fibroblast cells from an APN knockout mouse and from a parental wild-type mouse (kindly provided by Renata Pasqualini and Wadih Arap, Anderson Cancer Center, Houston, TX). While overexpression of hDC-SIGN in wild-type murine fibroblasts rescued infection by FIPV, it did not allow infection in APN knockout cells (data not shown), suggesting that DC-SIGN does not act as an alternate receptor for FIPV but rather acts as 
